In the paper are presented the results of strength analysis for the two types of the welded joints made according to conventional and laser technologies of high-strength steel S960QC. The hardness distributions, tensile properties and fracture toughness were determined for the weld material and heat affect zone material for both types of the welded joints. Tests results shown on advantage the laser welded joints in comparison to the convention ones. Tensile properties and fracture toughness in all areas of the laser joints have a higher level than in the conventional one. The heat affect zone of the conventional welded joints is a weakness area, where the tensile properties are lower in comparison to the base material. Verification of the tensile tests, which carried out by using the Aramis video system, confirmed this assumption. The highest level of strains was observed in HAZ material and the destruction process occurred also in HAZ of the conventional welded joint.
INTRODUCTION
With the development of steel production technology on the market appear high-strength ferritic steels, which yield strength reaches 1000 MPa. The weldability pays an important role in a broad applicability of the high-strength steels. The selection of the appropriate method and welding parameters has an influence on the quality of the resulting joints. The aim of making the welded joints is to obtain level of strength characteristics, which is not lower than in the base material (BM). It is a difficult task when high-strength steels are welded, because the welding process causes changes in the original microstructure, which may lead to a reduction of the mechanical properties of the base material in zones near the weld -in the heat affect zone ( Mazanek et al., 2013) . Thus, making a welded joint of high-strength ferritic steels, one may pay attention to quality and strength of the weld material (WM) and also to the material of heat affect zone (HAZ) .
Two welded joints were tested in the research: joint made by a traditional conventional type of welding and the joint welded by an advanced laser technology. The high-strength ferritic steel S960QC was used as a base material for both welded joints (Tab. 1). Both material strength and fracture toughness characteristics of different welded joints zones were determined. Based on these results was assessed a zone, in which failure would happened. This prevision was verified during tensile test of the welded joints, in which were analyzed strain distributions obtained by using of the Aramis video systems (Aramis v6.1).
TEST METHODS AND RESULTS
The authors of the paper did not participate in the development of the welding technologies. They performed the studies on the supplied joints only. The thickness of the two type welded plates was identical -6 mm. However, it is an important notice, that the linear welding energy (LWE) for laser welding is significantly lower (LWE = 0.175 kJ/mm), in comparison with the traditional MIG/MAG technology (LWE = 0.7 kJ/mm).
The standard test procedures were used for determination of the hardness distributions, mechanical properties and fracture toughness of the material in different zones of both welded joints (ASTM E 1820-05; PN-EN ISO 6507-1:2006, PN-EN ISO 6892-1:2010). The details of cut out and preparation the specimens for tensile and fracture toughness tests were presented in the paper [6] . The principle of measuring the fields of the strains by using the Aramis video system is described in the user manual (Aramis v6.1) and was presented in Pała et al. (2016) .
The high level of strength properties of S960QC steel are reached using the control heat-rolling treatment during a production process. The tensile characteristics of the S960QC steel according to the standard are: Re 960 MPa, Rm 1000 MPa (Dzioba et al., 2014) . The chemical composition is presented in the Tab. 1. 
Hardness distributions
Hardness measurements were carried out on the hardness tester of Wolpert Wilson Instruments Company, according to the Vicker's method with a load of 10 N. Hardness distributions in welded joints were determined in the cross-sections of the welded plates (Fig. 1, Fig. 2 ). The point "0 mm'' on the horizontal axis corresponds to hardness of a weld material in its axis. From the hardness distribution graphs, as it can be seen that the laser joint of LWE = 0.175 kJ/mm (Fig. 1) has a narrower weld and heat affected zone (HAZ) than the conventional joint of LWE = 0.7 kJ/mm (Fig. 2 ). In the cross-section of the laser joint, width of the weld material area and heat affected zone decreases with an increase of the distance from the weld face. Weld shape is symmetrical. From the weld face has a width of ~2 mm and HAZ ~0. In the case of the joint of LWE = 0.7 kJ/mm the weld material and HAZ take more complex shapes and larger sizes (Fig. 2b) . At the weld face has a width of ~ 9 mm and HAZ ~ 1 mm, then there is a local narrowing. In the middle part of the weld, thickness has a width of ~7 mm, HAZ ~ 4 mm. At a distance of ~ 1.7 mm from the surface to the side of the root joint, the zones are narrowing to the equal value of ~ 4 mm to finally reach the width of ~ 6 mm and ~ 2.4 mm on the joint surface, respectively for the weld and HAZ.
From hardness distribution graphs (Fig. 1a) , one may observe that hardness in the weld material in the laser joint (~435 HV10) and in the welded joint by a conventional method ( Fig. 2a ) (~400 HV10) are higher than the values that the base material has (~350-370 HV10). However, the conventionally welded joint is characterized by a significant reduction in hardness in the HAZ, of about 35-40% compared to the base material. This is a disadvantage, because one may expect that it will be an area of reduced strength properties. In the case of the laser joint, the local reduction of hardness does not occur. 
Strength properties
Strength properties of the analyzed welded joints were determined in the uniaxial tensile test on the modernized tensile testing machine UTS-100, equipped with a test control and results record system. Signal strength and elongation of the measuring part of the specimens were recorded during carried out uniaxial tensile tests. Flat type specimens were taken from the proper areas of the welded joints: weld material (WM), heat affected zone material (HAZ) and base material (BM) [6] . The obtained results of the yield strength (Re), ultimate strength (Rm), hardness (HV10) and Young modulus (E) for both joints are presented in the Table  2 . For the laser joint the mechanical properties were determined in the middle part of the HAZ material, because to the small sizes of the HAZ zone. In the case of the joint made by the conventional method the width of the HAZ zone is bigger, the specimens were taken from three areas: HAZFL (in the vicinity of the fusion line), HAZN (in the vicinity of end normalization area of the material) and HAZE (near the end of the HAZ. The specimens taken from particular zones of the conventional joint to determine strength characteristics had the cross-section of 2x4 mm 2 .
The weld material in the laser joint has very high strength characteristics: Re = 1071 MPa, Rm = 1358 MPa and hardness of 448 HV10. In HAZ the tensile properties and hardness of the material decrease evenly to level, which corresponds to the char-acteristics of the base material. Analyzing setting of the true tensile curves for the particular laser joint zones, one can observe that the lowest is situated the curve representing the specimen taken from the BM (Fig. 3a) . It is an advantageous situation, because the joint welded by laser can provide a loading equal to the element made of BM. In the conventional joint the lowest tensile characteristics occur in the HAZFL: Re = 678 MPa and Rm = 912 MPa. Also, lower than in BM tensile characteristics are in HAZN: Re = 963 MPa and Rm = 978 MPa. The true tensile curve for specimens taken from the HAZ material sets significantly lower, than the one for BM (Fig.  3b) . This is a disadvantageous situation, because the welded joint is not able to provide the loading on the BM level. 
Fracture toughness
Fracture toughness characteristics were determined on the MTS-250 testing machine, equipped with an automated test control and results record system. The tests were carried out at room temperature on the three point bend specimens with a single-edge notch that were mechanically cut in the WM, HAZ and BM. During fracture toughness determination the signals of force, P, sample bending at a load point, uext, crack opening, uCOD, and change potential, U, at time were recorded. In a case of ductile extension of crack fracture toughness critical values were determined according to the ASTM E1820-05 standard [2] . In the case of brittle fracture, preceded by plasticizing of the area at front of the crack, the critical values of JIC were calculated by the formula:
where: AC -strain energy at the moment of cracking, computed on the basis of = ( ) graph, W -specimen height, B -specimen thickness, a0  0.5W.
Critical values of J integral, JC, were converted into units of stress intensity factor according to:
where: E -Young's modulus, v -Poisson's ratio.
The critical values of fracture toughness for the laser joints and the joints welded by a conventional method are presented in the Table 3 . The fracture toughness critical values were determined in WM, HAZ and BM. Next, in the HAZ area the values of the KJC were determined in three locations: HAZFL -vicinity of the fusion line; HAZ_0.5 -at the distance 0.5 mm from a fusion line; HAZN -in the vicinity of end the normalization area. A sample specimen of notched in the weld material for the laser joint presented in the Fig. 4 . The lowest values of the fracture toughness for both welded joints were obtained for the WM. For conventional welded joints was observed the level KJC similar to WM for the material of the HAZFL and HAZ_0.5. An increase of the distance from a fusion line leads to an increase of the material fracture toughness values to the level proper for the BM. For laser welded joints the level KJC similar to WM was obtained only in HAZFL area. In the areas more away from the fusion line, the fracture toughness reaches the level similar for BM. Base on these results we can state, that laser joints have higher fracture toughness in comparison to joints welded conventionally.
The microstructure studies of the welded joints material
The base material, steel S960QC, as a result of the thermomechanical treatment performed in a controlled manner directly at the production line, has a fine-grained bainite-martensite microstructure (Fig. 5) and a high level of tensile properties and fracture toughness that were shown above. The obtained results are confirmed with data received for similar steels, which has fine-grained bainite-martensite microstructure (Bhadeshia, 2001 ; Dzioba, 2011).
As a welding result the weld material has of martensitebainite types (Fig. 6 ) with small laths of 0.5-2.0 mm width. The increase of LWE level is caused by more numerous and larger carbide precipitates which are occurred in WM. The significant differences in types of microstructure are observed in HAZ. The welding process made with lower LWE level has an insignificant influence on the microstructure of a base material. Only more numerous carbide precipitates in comparison to BM were observed in HAZ after welding with LWE = 0.175 kJ/mm (Fig. 7) . The welding with a high level of LWE lead to significant changes in the microstructure of BM. As a result welding with LWE = 0.7 kJ/mm in HAZ is observed finegrained ferrite microstructure with numerous carbide precipitates (Fig. 8) . This type of microstructure is characterized by a lower level of tensile and fracture toughness properties (Bhadeshia, 
Uniaxial loading the welded joints carried out by using the Aramis video system
In the next stage was performed verification of the joints strength. The flat specimens, which contained welded joints were loaded by uniaxial tensile. The verification was done on the base results from the strain maps obtained using the Aramis video system. The strain maps on the surface loaded element measured were received in current time by using the video system. In the Fig. 9a and 9b are shown the force-displacement curves recorded during uniaxial tensile loading of the welded joints. The strain maps, which correspond to the maximum loading, for the laser joint and the conventional joint, are presented in figures 10a and 10b. At following loading in the laser welded joint the region, where the maximal strain occurs and creating a neck, performed in the BM, which means that the BM is the weakest in this welded joint. In the conventional joint, by contrast, the weakest area exposed in HAZ. Following loading leaded to destruction in the corresponding areas of the joints. The results obtained by using the Aramis video system confirm the results of strength and fracture toughness properties of the material from different zones the welded joints. 
CONCLUSION
The presented study clearly shows that the laser joints of high-strength steel S960QC have more advantageous mechanical properties, than joints welded by the conventional technology. The geometry sizes of laser welded joints are less than ones made of conventional technology. In the laser welded joints reduction hardness and tensile properties in WM and HAZ of the laser welded joints does not occur, as opposed to the joints conventionally welded. The fracture toughness the material in different areas of the laser welded joints is no less than in the conventional joints.
Verification tests carried out for the both welded joints by using the Aramis video system validated previous assumption according to the weakness areas in the welded joints. In the conventional welded joints the weakness area is the HAZ, what is not advantageous, because the mechanical properties in the HAZ are lower than of the BM, so the joint is not able to resists load such as the BM. In the laser welded joints the weakness area is the BM, what is favorable, because the joint is able to resist load as the BM.
